Introduction
============

HIV-1 infection remains as one of the most serious health challenges worldwide; heterosexual transmission in women stands out as the fastest growing phase of this pandemic.[@b1-ijn-14-2371] Adolescent girls and young women are particularly at high risk of HIV-1 infection, accounting for 25% of new HIV-1 infections globally. The gender imbalance is more pronounced in geographical zones with high HIV-1 prevalence, such as sub-Saharan Africa, where women account for almost 60% of the total number of people living with HIV-1.[@b2-ijn-14-2371] On the contrary, due to the fact that there are 417 millions of herpes simplex virus type-2 (HSV-2) infected people worldwide and around 19 million new infections every year,[@b3-ijn-14-2371] HSV-2 is the most prevalent sexually transmitted disease (STD). HSV-2 is associated with the appearance of painful ulcers and sores around the genital area or rectum,[@b4-ijn-14-2371] and its viral reservoir is maintained within neurons of the sensory sacral ganglia in latency.[@b5-ijn-14-2371] As HIV-1 infection, HSV is incurable and can be mitigated or modulated through current antiviral treatments, but latent infection cannot be eliminated.[@b6-ijn-14-2371] In addition, no effective human vaccine candidates to date in clinical trials have been licensed for either of them.[@b3-ijn-14-2371],[@b7-ijn-14-2371] Prevention strategies are essential to fight against the STDs, with the development of safe topical microbicides, especially when HSV-2 infection is associated with a 3-fold to 4-fold increased risk of HIV-1 infection.[@b8-ijn-14-2371] Taking into account that globally there are \>200 million pregnancies each year, of which \~40% are unintended,[@b9-ijn-14-2371] the development of new compounds with dual microbicidal and spermicide activity, which could prevent HIV-1 and HSV-2 transmission and unintended pregnancies, emerges as a promising alternative.[@b9-ijn-14-2371],[@b10-ijn-14-2371]

Contraceptive pills are formulated as a combination of progesterone and estrogens, which induces imbalance in the hypothalamic--pituitary--ovarian axis, which leads to a failure in ovulation. This contraceptive is not free of important risks and side effects, such as thromboembolism, hypertension, hyperlipidemia, cardiovascular diseases, or cancer of the breast and cervix.[@b11-ijn-14-2371] In addition, continued exposure over a long period of time to these hormones has shown certain disorganization in the vaginal mucosa, which increases susceptibility to HIV-1 infection, since vaginal mucosa is the first defense barrier against pathogens and that HIV-1 present in the semen of an infected male could infect the woman after a sexual encounter.[@b12-ijn-14-2371] In this sense, a spermicide gel carries much less risk for a woman, because it is based on impeding the sperm training process. Spermicides are considered low-cost drugs, widely available, and easy to acquire and administer. A compound is considered as spermicide if it has the ability to inhibit sperm motility present in the seminal fluid in 20 seconds,[@b11-ijn-14-2371] although the drug is indeed considered effective whenever it acts before 120 seconds. The fertilization potentiality of a spermatozoon is based on a number of parameters such as mobility, morphology, concentration, or total number of cells in the ejaculation, among others. However, sperm will only be able to fertilize an egg once it has passed through the aforementioned process of sperm training. A series of physiological and biochemical changes that cause the sperm to be attached to the egg membrane at the level of the glycoproteins present in the pellucid area and to penetrate into the cytoplasm of the cell occur physiologically in the reproductive tract of a woman at the level of the fallopian tubes. The effectiveness of spermatozoa to pass through the first barrier involving the cervical mucus, endocervix, and cervix depends on their status as progressive mobile spermatozoa, ie, their ability to advance at an average velocity greater than 25 µm/s.[@b13-ijn-14-2371] The process of sperm training encompasses a series of phenomena such as the acquisition of sperm hypermotility and the loss of its disabling factor, after which the acrosomal reaction begins, which ends at the moment of contact between the inner membranes of the sper-matozoid and the acrosome and oocyte plasma membrane, at which time fertilization occurs.[@b14-ijn-14-2371],[@b15-ijn-14-2371] Based on this, it is logical to be interested in a spermicide administered vaginally to prevent this process of sperm training, either by acting on sperm motility in situ acrosome reaction or by repressing the union with the pellucid zone of the ovum.

Briefly, we are working in the development of a micro-bicidal agent to achieve a compound or combination of compounds that not only reduces the number of new STDs but also has a contraceptive activity, which could be an additional advantage for those women who also want to avoid conception. G1-S2 and G2-S16 polyanionic carbosilane dendrimers are highly branched nanocompounds with potent activity against HIV-1 and HSV-2 as microbicides. The aim of our work was to evaluate the efficiency of Platycodin D (PD), a promising contraceptive, in combination with G1-S2 or G2-S16 dendrimer to develop a prophylactic strategy with dual activity.[@b16-ijn-14-2371]--[@b18-ijn-14-2371]

Materials and methods
=====================

Dendrimers and compounds
------------------------

Stable and water-soluble polyanionic carbosilane dendrimers of first-generation G1-S4, with four sulfated end groups (C~52~H~101~N~12~Na~4~O~16~S~4~Si~5~, molecular weight \[MW\]: 1,509 g/mol), and second-generation sulfonate-functionalized G2-S16 (C~112~H~244~N~8~Na~16~O~48~S~16~Si~13~, MW: 3,717.15 g/mol) were synthesized according to methods reported by the Den-drimers for Biomedical Applications Group (BioInDen) of the University of Alcalá (UAH, Alcalá de Henares, Madrid, Spain). The batches of these dendrimers were dissolved in distilled water, and stock was generated to a final concentration of 1 mM. Working dilutions (µM) were obtained from the stock of dendrimers by diluting them in phosphate buffered saline (PBS; Lonza, Walkersville, MD, USA) or nuclease-free water (Promega, Madison, WI, USA).

PD (C~57~H~92~O~28~; MW: 1,225.335 g/mol; Biomol, Hamburg, Germany) is a triterpenoid saponin-like compound extracted from the root of the *Platycodon grandiflorus* plant, widely used in traditional Eastern medicine. PD has been studied primarily as a chemotherapeutic, anti-inflammatory, and spermicidal agent.[@b19-ijn-14-2371]--[@b23-ijn-14-2371]

Cell culture and viral strains
------------------------------

Blood samples were obtained from buffy coats of healthy anonymous donors from the transfusion center of Madrid following national guidelines. Peripheral blood mononuclear cells (PBMCs) were isolated on a Ficoll-Hypaque density gradient (Rafer, Madrid, Spain) following the current procedures of Spanish HIV HGM BioBank.[@b24-ijn-14-2371] TZM-bl cell line (NIH-AIDS Research and Reference Reagent Program \[ARRRP\]) was cultured as previously described.[@b25-ijn-14-2371] Viral stocks of CCR5-tropic R5-HIV-1NL(AD8) laboratory strain and CXCR4-tropic X4-HIV-1NL4.3 were obtained by transient transfection of pNL(AD8) and pNL(4.3) plasmids, respectively (NIH-ARRRP) in 293 T cells (ATCC, Manassas, VA, USA). Viral stocks were clarified by centrifugation prior to evaluating the viral titer by using HIV-1 p24^gag^ ELISA kit (INNOTEST^®^ Innogenetics, Ghent, Belgium).

The viral strain HSV-2(333) used in this study was donated by Dr A Alcamí and grown in Vero cells (ATCC^®^ CCL-81™) purchased from ATCC as previously described.[@b17-ijn-14-2371] Virus titers were determined by plaque assay and expressed as plaque forming units (PFU/mL) as was already described.[@b26-ijn-14-2371]

Human spermatozoa
-----------------

Semen samples were collected after masturbation in a sterile vial from ten healthy, young, and fertile donors, after a period of abstinence of at least 3 days. In collaboration with the Human Reproduction Unit (Gregorio Marañon University General Hospital, Madrid, Spain), a basic initial seminal assessment of the collected samples was carried out. Experiments were approved by the local Ethics Committee at Gregorio Marañon University General Hospital (Sem-Dem-15-02), and written informed consents were signed by all patients. The manual of laboratory for the examination and processing of the human semen published by the WHO in 2010 was used. Only those samples that surpassed the criteria of inclusion: 1) the volume of the sample should be at least 2 mL; 2) the total number of spermatozoa should be \>65×10^6^ sperm/mL; and 3) the nature of these (vitality and \>70% motility) were accepted to be used later in spermicidal trials.

For other experiments, the semen was maintained at room temperature (RT) between 30 and 120 minutes for liquefaction, as the density of the semen after ejaculation is too high. Semen pools were kept in various aliquots of 500 µL at −20°C. Samples were quickly used after thawing, and surplus were ruled out.

Cell proliferation assays
-------------------------

The PBMCs treated with IL-2 60 IU/mL were passed to a 96-well round bottom plate (2×10^5^ cells/well), and thereafter, the corresponding stimuli were added. After 72-hour incubation period, the experiment was developed using a Millipore^®^ proliferation kit, based on the incorporation of bromodeoxyuridine (BrdU), a thymidine analog, into the DNA of proliferating cells. Briefly, PBMCs were washed and fresh medium was added with 1× BrdU solution. After 6--8 hours at 37°C, PBMCs were centrifuged at 300× *g* for 10 minutes and medium was removed. BrdU assay began with the addition of 100 µL/well of the fixing/denaturing solution for 30 minutes at RT. Thereafter, solution was removed and 100 µL/well of 1× detection antibody solution was added. After 1 hour at RT, three extensive washes were performed and samples incubated with 100 µL/well of horseradish peroxidase-conjugated secondary antibody solution for 1 hour at RT. Subsequently, PBMCs were washed and 100 µL/well of 3,3′,5,5″-tetramethylbenzidine substrate was added for 30 minutes at RT followed by 100 µL/well of Stop solution (if color change was too drastic, it may be necessary to stop the reaction prior to the standard 30 minutes). Absorbance was measured at 450 nm.

Time-of-addition experiment
---------------------------

TZM-bl cells were infected with 15 ng of HIV-1 and compounds and their combinations were added at 0, 1, 2, 4, 6, and 8 hours postinfection. After 2 hours postinfection, cells were washed. Infection values were evaluated by measuring luciferase in luminescence-based assay 48 hours after infection. All experiments were carried out in triplicate and analyzed statistically. Maraviroc, enfuvirtide, and tenofovir disopropil fumarate were used as controls of the HIV-1 infection.

Sperm training: evaluation of the sperm cell count
--------------------------------------------------

The sperm training determines the mobile sperm counted after the treatment of semen samples with the combinations of G1-S4 or G2-S16 dendrimer, with the spermicide PD. After collection and processing of the seminal samples, they were incubated for 20 minutes at RT to allow their liquefaction. After this period, a seminal training was performed by density gradient selection on SpermGrad™ medium in two 45% and 90% solutions. Subsequently, the protocol was followed according to the kit 1069 Sperm Preparation Medium (ORIGIO MediCult, Barcelona, Spain) to process and wash the sediment of displaced spermatozoa to the bottom of the tube, in order to collect the final sample of trained sperma-tozoids to be used in the experiment. An initial evaluation of relative mobile spermatozoa was performed to select aliquots with a final concentration of progressive mobile spermatozoa of 5×10^6^/mL. Spermatozoa were treated with combinations of the compounds for which their spermicidal capacity was tested: G1-S4 or G2-S16 at 10 µM in combination with PD at 0.25 mM. Previously, Lu et al have demonstrated that the effect on sperm motility and viability depends on the administered dose of PD, observing the maximum spermicidal effect for PD at the concentration of 0.25 mM.[@b23-ijn-14-2371] The calculation of sperm survival and the percentage of progressive spermatozoa were performed at 0, 20, 30, 40, 50, 60, 70, 80, 90, 100 seconds and 3 hours post-treatment.

BALB/c vaginal irritation assay
-------------------------------

We studied whether G2-S16/PD and G1-S4/PD combinations were toxic in vagina or not, after 7 days of daily application. Eight female BALB/c mice 8 weeks old, 20±3 g (Charles River Laboratories, Wilmington, MA, USA), were purchased and housed in the animal facility at the Centro de Biología Molecular Severo Ochoa (CBMSO), Madrid, Spain. Animal studies were conducted and approved by the CBMSO Institutional Animal Care and the Animal Ethic Committee (AEC-CBMSO, Madrid, Spain). All experiments were performed following AEC-CBMSO and National Guidelines and Regulations (Real Decreto 1201/2005). Mice were injected subcutaneously with 2 mg of medroxyprogesterone acetate (Depo-Provera \[depo\]) (Pfizer, New York, NY, USA). Five days later, BALB/c mice were randomized into four groups. Control group was treated with 30 µL 1% hidroxyetilcelulose (HEC) (NIH-ARRRP) gel vaginally, G2-S16/PD group was treated with 1% HEC gel with 3% w/v of G2-S16 and 250 µM of PD, G1-S4/PD group was treated with 1% HEC gel with 3% w/v of G1-S4 and 250 µM of PD, and irritation control group was treated with 6% Nonoxinol-9 in PBS. Treatment was applied daily for 7 consecutive days in BALB/c mice previously anesthetized with isoflurane (Forane; Abbott, Madrid, Spain). On the eighth day, mice were sacrificed and vaginas were extracted and conserved in 3.7%--4% formaldehyde w/v (Panreac AppliChem, Darmstadt, Germany).

Histological studies in BALB/c mice
-----------------------------------

The presence of histological lesions in the mice vaginas was evaluated with hematoxylin-eosin staining. Samples were embedded in paraffin by passage in increasing degree of alcohols (Rectapur \[VWR\]), two baths of xylene (Analar \[VWR\]) and other of paraffin, before being placed in paraffin mold. Subsequently, they were cut by using a microtome semimotorized RM2145 Leica and processed for staining. For dewaxing, samples were submitted to two baths of xylene (10 minutes) and three baths in descending order of alcohols (100%, 90%, and 70%) (5 minutes), before being stained with hematoxylin (Merck, Madrid, Spain) for 5 minutes and eosin (Merck) for another 5 minutes. Post-eosin staining dehydration was performed with passage in increasing degree of alcohols (70%, 90%, and 100%) and bath of xylene solution. Finally, they were mounted with DPX (Prolabo, Obregón, Mexico). The existence of injury in vaginal epithelium, inflammatory infiltrate, vascular congestion, and/or edema in the submucosa was evaluated in each histological sample. The score assigned for each of these lesions was as follows: 0 (no change) when no injury or the observed changes were within normal range; 1 (minimum) when changes were sparse but exceeded those considered normal; 2 (light) when injuries were identifiable but with no severity; 3 (moderate) for significant injury that could increase in severity; 4 (very serious) for injuries that occupy most of the analyzed tissue. These values were added up and determined the level of vaginal irritation as minimum 1--3, average 4--6, moderate 7--9, and severe 9°.[@b27-ijn-14-2371]

In vivo HSV-2 vaginal challenge assay
-------------------------------------

The G1-S4 and G2-S16 carbosilane dendrimers and their combinations with PD were selected for analyzing their ability to inhibit the HSV-2 infection in BALB/c mice. Female BALB/c mice (20±2 g) that were 6--8 weeks old were purchased from Charles River Laboratories (Barcelona, Spain) and housed at the CBMSO. Animal studies were conducted and approved by the CBMSO Institutional Animal Care and Use Committee (CEEA-CBMSO, Madrid, Spain). Prior to vaginal HSV-2 challenge, BALB/c mice received a single 2 mg subcutaneous injection of medroxyprogesterone acetate to increase susceptibility to HSV-2 infection.[@b28-ijn-14-2371] Five days later, BALB/c mice were anesthetized with isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane) for the gel applications and HSV-2 infection. Then, BALB/c mice were randomized into four groups of ten mice per group; placebo group only received 50 µL 1% HEC gel vaginally, G2-S16/PD group received 1% HEC gel with 3% G2-S16 with 0.25 mM of PD, G1-S4 group received 1% HEC with 3% G1-S4 with 0.25 mM of PD, and control group did not receive treatment at all. One hour later, the 40 BALB/c mice were inoculated intravaginally with 10^5^ PFU/20 µL of HSV-2(333) strain and maintained in a supine position with slight elevation of the pelvis for 15 minutes postapplication.

BALB/c mice were examined daily for body weight and genital pathology over 16 days. Disease score was graded according to a 4-point scale: 0, no apparent infection; 1, genital erythema; 2, moderate genital infection; 3, purulent genital ulceration and hair loss, generally poor condition; 4, severe ulceration of genital and surrounding tissue and hind limb paralysis (leading to euthanasia).

Results
=======

Biosafety of g1-s4 or g2-s16 dendrimer in combination with Platycodin D
-----------------------------------------------------------------------

A cellular toxicity assay was performed to evaluate the bio-compatibility of G1-S4, G2-S16, PD, and their G1-S4/PD and G2-S16/PD combinations in TZM-bl epithelial cell line ([Figure 1](#f1-ijn-14-2371){ref-type="fig"}). Concentrations at which the viability of treated cells was over 80% of the viability of untreated controls were established as nontoxic concentrations. As demonstrated, PD was nontoxic at 15 µM and G1-S4 and G2-S16 dendrimers were nontoxic at 10 µM ([Figure 1A](#f1-ijn-14-2371){ref-type="fig"}). G1-S4/PD combination was nontoxic at 10/15 µM, and G2-S16/PD was nontoxic at 10/10 µM ([Figure 1B](#f1-ijn-14-2371){ref-type="fig"}).

The G1-S4/PD combination was nontoxic up to 10/15 µM and the G2-S16/PD combination was nontoxic up to 10/10 µM. It means that the second-generation G2-S16 needed lower concentration of PD not to be toxic in comparison with the first-generation G1-S4. Due to the fact that the second-generation G2-S16 dendrimer is bigger than the first-generation G1-S4 dendrimer, the concentration of PD is higher in G2-S16 dendrimer as it has a bigger size.

Evaluation of G1-S4/PD or G2-S16/PD combination against HIV-1 infection
-----------------------------------------------------------------------

G1-S4 and G2-S16 dendrimers were selected for their high antiviral activity demonstrated in in vitro and in vivo assays against R5 and X4 HIV-1 and HSV-2 viral isolates.[@b29-ijn-14-2371],[@b30-ijn-14-2371]

Both G1-S2 and G2-S16 dendrimers tested significantly inhibited HIV-1 infection in TZM-bl cells ([Figure 2A](#f2-ijn-14-2371){ref-type="fig"}). Therefore, when TZM-bl cells were pretreated with G1-S4 or G2-S16 dendrimers at 10 µM, inhibition percentages \>95% and 99%, respectively, were obtained vs both R5-HIV-1~NL.AD8~ and X4-HIV-1~NL.4.3~ viral isolates. In addition, the combination of the dendrimers with PD did not modify the results obtained. It is noteworthy that PD has anti-HIV-1 activity per se, reaching inhibition rates of 86% and 81% against both R5 and X4 HIV-1 isolates. Moreover, in PBMCs, G1-S4, G2-S16, and PD significantly inhibited HIV-1 infection ([Figure 2B](#f2-ijn-14-2371){ref-type="fig"}). When the PBMCs were pretreated with G1-S4 or G2-S16 dendrimer at the concentration of 10 µM, the inhibition against the isolate R5-HIV-1NL.AD8 was \>93% with G1-S4 and \>91% with G2-S16 dendrimer. In contrast to the isolate X4-HIV-1~NL.4.3~, it was \>98% in both cases.

Again, the combination of the dendrimers with PD did not modify the results. On PBMC, PD also shows significant antiviral activity per se over both viral isolates, reaching a percentage of inhibition \>85% with the isolate R5-HIV-1~NL.AD8~ and \>74% with the isolate X4-HIV-1~NL.4.3~.

To evaluate the stage of the HIV-1 viral cycle where the PD acts, a "time of addition assay" was performed ([Figure 3](#f3-ijn-14-2371){ref-type="fig"}). G1-S4 and G2-S16 have previously shown to inhibit HIV-1 when added up to 2 hours postinfection. Only a percentage inhibition of HIV-1 infection is observed when PD is added up to 1 hour postinfection, which leads to the conclusion that PD acts in the early stages of the viral cycle. The combinations of PD with G1-S4 and G2-S16 inhibited HIV-1 infection up to 2 hours postinfection, suggesting that the dendrimers and PD are acting at the same stages of the viral cycle as they did alone.

effect of g1-s4/PD or g2-s16/PD combination in induction of PBMc proliferation
------------------------------------------------------------------------------

The safety of the combination of the G1-S4/PD or G2-S16/ PD was assessed by studying their ability to deregulate the proliferative activity of PBMC. Our results suggest that G1-S4 and G2-S16 dendrimers did not induce cell proliferation in PBMC ([Figure 4](#f4-ijn-14-2371){ref-type="fig"}). PBMC treated with 2 µg/mL phytohemagglutinin was used as positive control of proliferation. G2-S16 did not induce any kind of cell proliferation. The combination of G1-S4/PD or G2-S16/PD did not significantly affect the proliferative capacity of PBMC. Although the combination of the 10 µM G1-S4 dendrimer with PD at 7.5 µM induced 127% cell proliferation compared with untreated 100% PBMC, this value was not significant.

evaluation of PD spermicidal activity in combination with g1-s4 or g2-s16 dendrimer
-----------------------------------------------------------------------------------

To demonstrate whether PD maintains spermicidal activity in combination with G1-S4 or G2-S16 dendrimer, a sperm training experiment was performed on human spermatozoa ([Figure 5](#f5-ijn-14-2371){ref-type="fig"}). Based on the training phenomenon and its ability to move, human spermatozoa can be differentiated into four different types: type A with rapid progressive motility (\>20 µm/s), type B with slow progressive motility (5--20 µm/S), type C non-progressive motility (0--5 µm/s), and type D immotile (0 µm/s). The sperm cells type A+type B are referred to as progressive mobile spermatozoa and represent the spermatozoa that have been able to carry out the sperm training process.[@b13-ijn-14-2371] Thus, a standard semen analysis that has the ability to fertilize should contain at least 50% of progressive mobile spermatozoa.[@b31-ijn-14-2371]

The results obtained show that in 20 seconds PD induces a significant decrease in sperm motility, reaching values close to 93% inhibition of sperm motility compared with untreated control spermatozoa. The values obtained for REM in the G1-S4/PD or G2-S16/PD combination were also significant. The combination G1-S4/PD at 40 seconds totally reduced sperm motility, whereas the combination G2-S16/PD completely reduced sperm motility after 60 seconds. As already shown, G1-S4 and G2-S16 dendrimers did not affect sperm motility individually because even after 100 seconds post-treatment the percentage of sperm motility did not fall from 70% with either of the two dendrimers. At 3 hours post-treatment, the results remained stable without significant variations. After 3 hours, PD inhibited all sperm motility unlike dendrimers that did not affect sperm viability ([Figure 5](#f5-ijn-14-2371){ref-type="fig"}).

BALB/c vaginal irritation assay in the presence of PD
-----------------------------------------------------

With the objective of knowing if the combination of the polyanionic carbosilane dendrimers with PD was causing vaginal irritation to the mice, a vaginal irritation assay was performed in BALB/c mice for 7 days with daily application of the compounds. Eight female BALB/c mice of 7 weeks old with the weight of 20±3 g were purchased. G1-S4/PD or G2-S16/PD was added to 1% HEC placebo gel to a final concentration of 3% w/v of dendrimer and 0.25 mM of PD. BALB/c mice were randomized into four groups of two mice per group. Group A (control) was treated vaginally only with 30 µL of 1% HEC gel, group B (irritation group) was treated vaginally with 4.5% Nonoxinol-9 in PBS, group C was treated with 1% HEC gel with G2-S16/PD, and group D was treated with 1% HEC gel with G1-S4/PD. The four conditions were applied intravaginally in female BALB/c mice previously anaesthetized with isoflurane. After 20 hours, BALB/c mice were sacrificed and vaginas were extracted and conserved in 4% formaldehyde w/v. This histological study in BALB/c vaginal tissue showed that when mice were treated with G2-S16/PD or with G1-S4/PD combinations, after 7 days of exposure all mice had close to the same level of irritation and inflammation of their vaginal epithelium (total score =4) as nonirritation control ([Table 1](#t1-ijn-14-2371){ref-type="table"}).

The existence of an injury in the vaginal epithelium was evaluated in each biological sample: 0 (no change) when no injury or the observed changes were within normal range; 1 (minimum) when changes were sparse but exceeded those considered normal; 2 (light) when injuries were identifiable but with no severity; 3 (moderate) for significant injury that could increase in severity; 4 (very serious) for very serious injuries that occupy most of the analyzed tissue. These values were added up and determined the level of vaginal irritation as minimum 1--3, average 4--6, moderate 7--9, and severe \>9+.

evaluation of g1-s4/PD or g2-s16/PD combination against hsV-2 in vivo vaginal challenge assay
---------------------------------------------------------------------------------------------

To demonstrate whether G1-S4 or G2-S16 maintains anti-HSV-2 activity in combination with PD, an in vivo vaginal challenge assay was performed. G1-S4 and G2-S16 were able to retain their antiherpetic activity in the presence of PD, being capable to halt the infection in 100% of the female mice ([Figure 6](#f6-ijn-14-2371){ref-type="fig"}). When mice were exposed to a lethal dose of HSV-2, G1-S4/PD and G2-S16/PD combinations showed significant differences when compared with the control group (*P*\<0.001). In the control of infection group, the mice showed significant weight loss after day 7 postinfection. The first signs of redness and inflammation appeared on day 5 postinfection and the disease score increased until the moment of sacrifice between days 9 and 16 postinfection. No female mice treated with G1-S4/PD or G2-S16/PD showed signs of HSV-2 infection.

Discussion
==========

Although the STDs stand out as the greatest problem of unprotected sex, the possibility of unintended pregnancies should also be taken into consideration. Annually there are about 200 million pregnancies, of which 40% are unintended. Therefore, a topical vaginal compound with dual activity as microbicide and contraceptive, which could prevent both the transmission of HIV-1 and HSV-2 as well as unintended pregnancies, emerges as a promising alternative. Throughout our work, the potentiality of combining the G1-S4 or G2-S16 dendrimer with the PD spermicide has been evaluated to know if topical microbicide gels for the prevention of STDs and unintended pregnancies can be developed. It is of great importance that all the properties already demonstrated for the G1-S4 and G2-S16 dendrimers were not modified in the presence of PD and vice versa.

In vitro HIV-1 inhibition experiments with G1-S4 or G2-S16 dendrimer and in combination with PD in TZM-bl epithelial cell line and PBMCs show that the percentage of inhibition in both R5-HIV-1~NL.AD8~ and X4-HIV-1~NL.4.3~ isolate is practically the same compared with results obtained in the absence of PD ([Figure 2](#f2-ijn-14-2371){ref-type="fig"}). In TZM-bl cells, in both presence and absence of PD, the percentage of inhibition is \>95% and \>99% when the cells are pretreated with G1-S4 or G2-S16 dendrimer. The presence of PD does not modify the inhibition rates in PBMC. Differences in inhibition rates with both viral isolates were not significant, although a higher percentage of inhibition of R5-HIV-1NL.AD8 was observed in TZM-bl epithelia cell line and in PBMC compared with the X4-HIV-1NL.4.3 isolate. Several theories have been proposed as a possible explanation. Polyanionic carbosilane dendrimers act as antiviral nanocompounds because they bind to the V3 region of the HIV-1 gp120. In the case of X4-HIV-1~NL.4.3~ isolates, the V3 region of gp120 is more exposed at the viral surface.[@b32-ijn-14-2371] Thus, the availability of positive charges with which the dendrimers can interact is greater than in the case of the R5-HIV-1NL.AD8 isolate, which use CCR5 as coreceptor and in which V3 region appears to have a more internal arrangement in the virus membrane ([Figure 2](#f2-ijn-14-2371){ref-type="fig"}).

PD is a plant-derived spermicide that induces its contraceptive action by disrupting the sperm plasma membrane.[@b23-ijn-14-2371] One of the hypotheses that could justify the antiviral activity per se presented by PD, which was studied by carrying out a time of addition assay, is the disruption of HIV-1 envelope glycoprotein ([Figure 3](#f3-ijn-14-2371){ref-type="fig"}). This conclusion can justify PD performance on the early stages of the HIV-1 cycle.

The combination of G1-S4/PD or G2-S16/PD does not induce PBMC proliferation ([Figure 4](#f4-ijn-14-2371){ref-type="fig"}). This property is of great relevance to the development of a topical microbicide due to the fact that an increase in the proliferation of PBMC by the combination of G1-S4/PD or G2-S16/PD favors PBMC recruitment, alters the profile of cytokine secretion, and increases HIV-1 infection in CD4^+^ T lymphocytes and HSV-2 infection.

Moreover, on samples of human spermatozoa, it has been shown that the combination of PD at the concentration in which the compound produced its 0.25 mM maximum spermicidal effect, together with G1-S4 or G2-S16 dendrimer, was able to induce a total decrease in sperm motility in \<40 and 60 seconds, respectively. The maximum spermicidal effect of PD occurs at 20 seconds ([Figure 5](#f5-ijn-14-2371){ref-type="fig"}). After copulation, the spermatozoa may take minutes to reach the vaginal canal and about 10 minutes if they travel at an average velocity of \~25 µm/s, traversing the uterine cavity.[@b13-ijn-14-2371],[@b14-ijn-14-2371] Although it seems clear that the presence of the G1-S4 and G2-S16 den-drimers somewhat retard the spermicidal action of saponin, it remains effective over a relatively short period. For this reason, 60 seconds are sufficient to consider the spermicidal action of the combination of the two dendrimers analyzed and PD to be completely effective.

A histopathological experiment was also performed on BALB/c mice, where it is shown that the daily administration for 7 days of a single dose of 3% gel of G1-S4 or G2-S16 in combination with the 0.25 mM of PD does not generate alteration of epithelial cells, inflammation, or damage to the vaginal mucosa of BALB/c mice ([Table 1](#t1-ijn-14-2371){ref-type="table"}). Although it had previously been shown that the administration of one, two, or seven doses of 3% gel of G1-S14 or G2-S16 in BALB/c mice did not cause any irritation or alteration on the epithelial barrier of the urogenital tract or the vaginal mucosa.[@b16-ijn-14-2371] This experiment consolidates the use of the combination of PD as a biocompatible and safe potential spermicide in the genital tract.

Following in vitro HIV-1 assays and in vivo toxicity studies, we proceeded to evaluate whether the antiherpetic ability of the dendrimers remained intact in the presence of PD. As can be seen in [Figure 6](#f6-ijn-14-2371){ref-type="fig"}, both G1-S4/PD and G2-S16/PD combinations are capable of 100% halting of the vaginal transmission of HSV-2 after prophylactic application.

Summing up, the results presented in this work seem promising, assuming an incentive to continue investigating with new studies in vivo models, opening a window to the future of the development of a topical administration microbicide with dual activity based on nanotechnology and PD in order to develop a powerful prevention strategy in the fight against the STD in the world and unwanted pregnancies.

Conclusion
==========

Combination of G1-S4 or G2-S16 polyanionic carbosilane dendrimer with PD showed that PD does not affect the antiviral activity of the dendrimers and the dendrimers do not affect the spermicide activity of PD. It was shown that the combination of PD with G1-S4 or G2-S16 has a spermicide effect over human semen in \<30 seconds.
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![Biocompatibility of G1-S4, G2-S16, and G1-S4/PD and G2-S16/PD combinations in TZM-bl epithelial cell line.\
**Notes:** The viability of the TZM-bl cell line was evaluated by MTT assay 48 hours after exposure to these compounds, (**A**) PD, G1-S4, and G2-S16 alone, and (**B**) their combinations. Eighty percent of cell viability was established as a limit of toxicity, and 20 µM dextran and 10% DMSO were used as negative and positive cell death control, respectively. The data were represented as a mean ± standard deviation of four different experiments.\
**Abbreviations:** NT, nontreated; PD, Platycodin D.](ijn-14-2371Fig1){#f1-ijn-14-2371}

![Dendrimers and combinations anti-HIV-1 activity.\
**Notes:** (**A**) Inhibition of HIV-1 infection in TZM-bl. The TZM-bl were pretreated for 1 hour with nontoxic concentrations of the compounds and subsequently infected with HIV-1. The percentage of infection was determined after 48 hours by quantification of luciferase expression levels. (**B**) Inhibition of HIV-1 infection in PBMC. The PBMCs were pretreated for 1 hour with nontoxic concentrations of the compounds and subsequently infected with HIV-1. After 72 hours, the supernatants collected from PBMCs were presented on TZM-bl cells. The percentage of infection was determined after 48 hours by quantification of luciferase expression levels. Data were plotted as mean ± standard deviation of five different experiments. ^\*\*^*P*≤0.01; ^\*\*\*^*P*≤0.001.\
**Abbreviations:** NT, nontreated; PBMC, peripheral blood mononuclear cell; PD, Platycodin D.](ijn-14-2371Fig2){#f2-ijn-14-2371}

![Time of addition assay.\
**Notes:** To determine the stage within the HIV-1 viral cycle where PD and its combination with G1-S4 and G2-S16 carry out their inhibitory effect, TZM-bl cells were infected with HIV-1 and compounds were added at 0, 1, 2, 4, 6, and 8 hours postinfection. MVC, T-20, TDF, and RALT were used as controls of the HIV-1 infection. The percentage of viral infection was determined at 48 hours by quantification of luciferase expression levels. Data were plotted as mean ± standard deviation of three different experiments.\
**Abbreviations:** MVC, maraviroc; NT, nontreated; PD, Platycodin D; RALT, raltegravir; T-20, enfuvirtide; TDF, tenofovir disopropil fumarate.](ijn-14-2371Fig3){#f3-ijn-14-2371}

![Cell proliferation assay in PBMC.\
**Notes:** The ability of G1-S4 or G2-S16 dendrimers to PD to induce cell proliferation in PBMC was evaluated. PBMCs were treated with the compounds for 72 hours. Phytohemagglutinin 2 µg/mL was used as a positive proliferative control. The percentage of cell proliferation was determined using a Millipore proliferation kit. Data were plotted as mean ± standard deviation of three different experiments.\
**Abbreviations:** NT, nontreated; PBMC, peripheral blood mononuclear cells; PD, Platycodin D.](ijn-14-2371Fig4){#f4-ijn-14-2371}

![Sperm capacitation assay.\
**Notes:** Human sperm samples, after being processed and selected by density gradient, were treated with G1-S4 or G2-S16 dendrimer in combination with PD. The mobile sperm count was evaluated to determine if the combination of the compounds tested affects sperm motility. The sperm motility index, which exceeds 70%, was considered optimal. Sperm from a single donor was used to perform the experiments.\
**Abbreviation:** PD, Platycodin D.](ijn-14-2371Fig5){#f5-ijn-14-2371}

![G1-S4 and G2-S16 dendrimers prevent vaginal high-dose HSV-2 infection in the presence of PD.\
**Notes:** Medroxyprogesterone acetate-treated BALB/c mice were vaginally challenged with 10^5^ PFU HSV-2 1 hour after applying the indicated gel (six mice/group). Mice were examined daily for body weight and genital pathology over 18 days. (**A**) Percentages of infection over time are shown for each treatment group. Dendrimer-based gels containing 3% dendrimer and 0.25 mM PD were significantly more protective than vehicle alone (^\*\*\*^*P*\<0.001 vs placebo). (**B**) Body weight changes were expressed as the mean values of ten animals in the same group. Each mean value was calculated by subtracting the weight at day 0 from the weight at day N after infection. (**C**) Clinical pathology was scored as described in the text for 18 days. Lesion scores were expressed as the mean values of six mice in the same group.\
**Abbreviations:** HSV-2, herpes simplex virus type-2; PD, Platycodin D; PFU, plaque forming unit.](ijn-14-2371Fig6){#f6-ijn-14-2371}

###### 

Vaginal toxicity assay of G1-S16/PD or G2-16/PD after seven consecutive daily applications doses

                            PBS[\*](#tfn1-ijn-14-2371){ref-type="table-fn"}   Control N9 (4.5%)[\*](#tfn1-ijn-14-2371){ref-type="table-fn"}   G2-S16/PD[\*](#tfn1-ijn-14-2371){ref-type="table-fn"}   G1-S4/PD[\*](#tfn1-ijn-14-2371){ref-type="table-fn"}               
  ------------------------- ------------------------------------------------- --------------------------------------------------------------- ------------------------------------------------------- ------------------------------------------------------ --- --- --- ---
  Epithelial lesion         0                                                 0                                                               3                                                       4                                                      0   0   0   1
  Inflammatory infiltrate   0                                                 0                                                               3                                                       4                                                      1   1   1   1
  Vascular congestion       1                                                 1                                                               3                                                       4                                                      1   1   1   1
  Edema/fibrosis            0                                                 0                                                               2                                                       2                                                      2   2   2   1
  Total score               1                                                 1                                                               12                                                      14                                                     4   4   4   4
  Estrous cycle moment      P                                                 P                                                               PE                                                      PE                                                     E   P   P   P

**Note:**

The two columns of data for each group show the mean of 2 experiments with 8 mice each.

**Abbreviations:** N9, Nonoxinol-9; PBS, phosphate buffered saline; PD, Platycodin D.
